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ABSTRACr
Photochemical energy storage in isolated bundle sheath cells from Zea may was examined. Photoacoustic spectroscopy was used in this study to monitor energy storage processes. The presence of methyl viologen or addition of substrates which activated carbon fixation, prevented energy storage processes through the electron transport system. The energy storage was inhibited completely by dibromothymoquinone (DBMIB) and DCMU, inhibitors of noncyclic electron flow. However, the reductants such as dithiothreitol and ascorbate increased the energy storage. It was concluded that photosystem (PS) I may be reduced by some electron donor(s) other than water and that PSII only partialy participates in PSI redaction. It is postulated that the role of PSII is to regulate PSI electron transport and prevent its overoxidation. In the presence of high level of malate, photoacoustic spectrscopy indicated a low energy storage which may be due to indution of (14) . However, PSII activity in maize BS chloroplasts is much lower than in mesophyll chloroplasts (25, 29) . Therefore, an input of PSII electron transport cannot provide an adequate level of ATP and NADPH for reductive carbon metabolism (13, 17) . It has been postulated that the requirement for ATP in BS chloroplasts is mainly met by cyclic photophosphorylation through PSI activity (8 The photoacoustic spectrometer previously described (6) was slightly modified for our experiments. It consists ofa light beam, produced by a 1000 W xenon lamp, passing through a monochromator (Schoeffel Instrument Corporation). The light beam emerging from the monochromator (700 nm) was modulated to 75 Hz and reflected by a mirror into the acoustic cell.
An actinic light was supplied from a quartz halogen lamp (Oriel Corporation), and directed on the sample by using a fiber optic light guide. Modulated and actinic light intensities were, respectively, 1 mW cm-2 and 30 mW cm-2. The continuous Figure 1 shows the optical absorption and PAS of BS cells and maize leaf. A similarity was noticed between the PAS of BS cells and its optical absorption spectra. This similarity indicates that the pigment accessories system is responsible for the dissipation of absorbed light energy via heat. The PAS spectra of the maize leaf is different because of the leaves thickness and its pigment composition (5) . The spectra for the leaf is in agreement to those previously reported for the maize leaf (22) . Photoacoustic signal ofBS cells increased upon addition ofnonmodulated background actinic light and returned to the initial level after removal of actinic light beam (Fig. 2a) . When the photochemistry is inhibited by heating the sample for 5 min at 50C, the photoacoustic signal (heat dissipation) reaches a steady-state maximum without further changes in the presence of the saturating light beam (Fig.  2b ). Photochemical energy storage expressed as the relative photochemical loss O' (7) is dependent on the light intensity. The reciprocal value of k' had a linear relationship with the modulated light intensity up to 2.5 mW cm-2. However, further increase of the energy of the modulated light did not induce saturation (Fig. 3) . This indicates an electron sink, that prevents light saturation of the BS photochemical reactions.
In the presence of electron donors or acceptors, we noticed different responses in the energy storage. DTT increased the energy storage signal, but MV completely eliminated the energy storage signal, even after addition of 10 mm ascorbate. After addition of 10 ,uM DCMU, the energy storage process was not detectable with a modulated light of 700 nm without addition of 10 mm ascorbate. In the presence of 10 ,uM DBMIB the signal was suppressed, but restored after addition of 10 mM ascorbate; whereas 20 ,M DBMIB induced total inhibition (Fig. 4) . However, energy storage in the presence of DCMU was detected between 400 and 690 nm of modulated light (Fig. 5) observation will be discussed later.
We also noticed that the addition of naturally occurring metabolites had different effects on the energy storage. Ascorbate increased the energy storage signal while malate had an inhibitory effect. The negative effect of 20 mM malate was overcome after the addition of 10 mM ascorbate. The presence of 4 mM R5P, 4 mM NaHCO3, and 0.5 mm NADP caused a decline in the energy storage process. However. treatment with 4 mm R5P had no significant effect on the signal (Fig. 6) . 
DISCUSSION
In our study of BS cells of maize we found no energy storage in chloroplasts through the electron transport chain when MV was present as a strong oxidant (27) . In earlier reports it was noticed that the treatment of BS cells with R5P, HCO3 , and NADP stimulates photosynthetic carbon metabolism (10) and therefore increases the demand for NADPH and ATP. Consequently, a rapid turnover through electron transport can be expected. As it has been shown, under these conditions, an energy storage signal did not appear. We then infer the following: when the electron transport traps of the photosystems are open, heat dissipation is less favorable. The reduced electron transport system induced by the presence of ascorbate or DTT (1 1, 20) may provide reductant to PSI and poise cyclic electron flow leading to the energy storage via reduction of interelectron transport carriers. The stimulating effect of ascorbate on the energy storage signal indicates that an electron donor regulates PSI activity. Considerable amounts ofascorbate are found in stromal compartment of chloroplasts, in concentration from 15 to 75 mM (12, 26) . Versatile roles of ascorbate in chloroplast functions appear to be very important (18) . The recovered energy storage signal, in the presence of ascorbate after treatment with DCMU, indicates that PSI activity in BS chloroplast is highly dependent on some stroma containing reductant(s). The addition of ascorbate in the presence of a higher concentration of DBMIB does not recover the energy storage signal. The inhibitory effect of DBMIB shows that the electron donor is acting via PQ and Cyt f reduction (3, 24) and confirms that PQ and Cyt f are tightly associated as electron carriers to PSI.
We noticed that, in the presence of DCMU, the energy storage under modulated light higher than 690 nm was inhibited. However, under these conditions the energy storage in the range of 400 to 690 nm was decreased by 40% compared to the control sample. The experimental proofs support the belief that PSII activity in BS chloroplasts is low (23) . However, it does not exclude a possible role of PSII electron transport in preventing the overoxidation of PSI (8) .
Malic acid has been reported to stimulate photosynthetic carbon assimilation in BS chloroplasts and it also increases the demand for NADPH and ATP through donation of CO2 to the reductive pentose-P pathway (2) . In agreement with this, we observed no energy storage by electron transport in the presence of malate and therefore we suppose that the electron transport carriers were mostly in an oxidized state. This evidence is not in agreement with a proposed activation of cyclic electron transport by the increased supply of NADPH via malate decarboxylation (16) . This discrepancy may rise due to activation ofthe reductive pentose-P pathway, increased supply of PGA from CO2 fixation, and thereby a high demand for ATP and NADPH. A high consumption of NADPH will also cause a large increase in the ATP requirement from cyclic electron flow. This possibility is supported by the evidence that the energy storage signal is decreased in BS cell chloroplasts treated with a mixture of R5P, HCO3, and NADP, a treatment reported earlier to remarkably activate CO2 fixation (10) . The 
